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ABSTRACT: DGCR8 is the RNA binding partner of the nuclease Drosha. Their complex (the "Microprocessor") is essential for processing of long, primary microRNAs (pri-miRNAs) in the nucleus. Heme binding to DGCR8 is essential for pri-miRNA processing. Based on the split Soret UV-visible (UV-vis) spectrum of ferric DGCR8, bis-thiolate sulfur (cysteinate, Cys -) heme iron coordination of DGCR8 heme iron was proposed. We have characterized DGCR8 heme ligation using the ∆276 DGCR8 variant and combined electron paramagnetic resonance (EPR), magnetic circular dichroism (MCD), electron nuclear double resonance, resonance Raman and electronic absorption spectroscopy. These studies indicate DGCR8 bis-Cys heme iron ligation, with conversion from bis-thiolate (Cys -/Cys -) axial coordination in ferric DGCR8 to bis-thiol (CysH/CysH) coordination in ferrous DGCR8. Pri-miRNA binding does not perturb ferric DGCR8's optical spectrum, consistent with the axial ligand environment being separated from the substrate binding site. UV-vis absorption spectra for the Fe II and Fe II -CO forms indicate discrete species exhibiting peaks with absorption coefficients substantially larger than those for ferric DGCR8, and for that previously reported for a ferrous form of DGCR8. ENDOR data exclude histidine or water as axial ligands for ferric DGCR8, and favor bis-thiolate coordination in this form. UV-vis MCD and near-infrared MCD provide data consistent with this conclusion.
3 UV-vis MCD data for ferrous DGCR8 reveal features consistent with bis-thiol heme iron coordination, and resonance Raman data for the ferrous-CO form are consistent with a thiol ligand trans to the CO. These studies support retention of DGCR8 cysteine coordination upon reduction, a conclusion distinct from previous studies on a different ferrous DGCR8 isoform.
MicroRNAs (miRNAs) are a large family of short (~22 nucleotide) noncoding RNAs with fundamental roles in the regulation of cellular function in animals and plants, and in certain viruses. Most animal miRNAs base pair (imperfectly) to sequence regions in the 3'-untranslated region (UTR) of their target mRNAs (1) . In so doing, they cause inhibition of protein synthesis by either repressing translation, or by promoting the deadenylation and degradation of the mRNA (2) (3) (4) (5) . The crucial importance of miRNAs in gene regulation is now well understood, and it is thought that miRNAs control the activity of over half of all mammalian protein-coding genes (1).
In the canonical route for their production, miRNAs are synthesized in a multi-stage pathway which begins in the nucleus with transcription of long (often kb) primary miRNA (primiRNA) species by RNA polymerase II, usually with both a 5' cap and a poly-A tail (6, 7) . PrimiRNA has a ~80 base hairpin, flanked at both the 3' and 5' ends by single stranded RNA (8) .
These pri-miRNA transcripts are cleaved into shorter (~65 nucleotide) precursor miRNA (premiRNA) hairpins (9, 10) , by the RNase III enzyme Drosha (11) . Drosha is incapable of primiRNA cleavage in isolation, instead working as part of the Microprocessor complex with DGCR8 (DiGeorge critical region 8 protein) (12) (13) (14) (15) . Drosha contains two RNase III domains (RIIIDa and RIIIDb) which cleave the 3' strand and 5' strand of the pre-miRNA, respectively, 4 leaving an overhang on the 3' protruding end for recognition by Exportin 5 (10, 11) . Following nuclear export by Exportin 5, the pre-miRNA is further cleaved by the RNase III enzyme Dicer, forming a 22 nucleotide miRNA:miRNA* duplex (16) (17) (18) . One strand of the duplex remains as the mature miRNA, becoming incorporated into the miRISC (miRNA induced silencing complex) (19, 20) , where the miRNA base pairs to target mRNA, usually in the 5' UTR (5' untranslated region), inducing either translational repression or mRNA degradation (2) (3) (4) (5) . The other strand (the "passenger" miRNA, or miRNA*) is typically released and degraded, but can also be incorporated into the miRISC complex and function as a bona fide miRNA (21) (22) (23) .
Alternative routes for miRNA biogenesis which do not rely on one or both of the Microprocessor or Dicer systems have been discovered (24) . For example, in the mirtron pathway short hairpins are generated with splice acceptor and donor sites, and a splicing event replaces the Drosha cleavage step before the pathway continues as described above. Alternatively, miRNA synthesis can occur in a Microprocessor-dependent, Dicer-independent manner in which pre-miRNA is loaded into Argonaute (a catalytic component of the miRISC complex), and where a number of further cleavage steps ultimately result in miRNA formation (1, 24) .
The processing of long pri-miRNA transcripts into shorter pre-miRNAs by the Microprocessor complex is a key step in the canonical pathway of miRNA generation. The Drosha RNase III is crucial for nuclear miRNA processing, and is a key component of the Microprocessor (11) . However, it is incapable of miRNA cleavage without its DGCR8 partner (12) (13) (14) (15) . DGCR8 is a 773 amino acid protein that contains two dsRNA binding domains at the Cterminus (25) and a WW motif (13) , and also binds a heme prosthetic group (26) . DGCR8 can be truncated into an active form named NC1 (amino acids 276-751) which contains both the hemebinding domain (HBD, amino acids 276-498) and two double-stranded RNA binding domains 5 (amino acids 499-751) followed by a short tail region (10) . A dimerization domain was also identified within the independently folded HBD (amino acids 276-353) and its crystal structure was solved in a dimeric state. These data revealed a key role for the WW motif region in formation of the domain-swapped dimer and implicated this region in association with the heme cofactor in DGCR8 (27) . The dsRNA binding domains of DGCR8 form the binding site for primiRNA (8) , and the C-terminal region is responsible for Drosha's interactions with DGCR8 (28) . DGCR8 and Drosha are the minimum requirement for the processing of pri-miRNA to premiRNA (13, 15) . However, other proteins, including p53 and nucleolin, bind to the Microprocessor complex to influence its activity, either by increasing or decreasing the rate of processing of a subset of miRNAs (29, 30) . Heme-bound DGCR8 is essential for catalytic function of the Microprocessor complex (31). Quick-Cleveland et al. showed that the HBD is crucial for the binding and recognition of pri-miRNA by DGCR8, and that heme is essential to produce processing-competent DGCR8/pri-miRNA complexes (32) .
Early studies proposed that axial coordination of the DGCR8 heme b came from a cysteine residue (26) , potentially making DGCR8 a member of the growing class of heme thiolate proteins. Other notable heme thiolate proteins are the widely studied cytochrome P450
(P450 or CYP) monooxygenases, and the nitric oxide synthases which catalyze oxidative transformation of L-arginine to L-citrulline and nitric oxide (33) . Numerous examples of heme thiolate proteins have been discovered with diverse functions. These include the heme sensors
Rev-erbα and Rev-erbβ, which are nuclear receptors and transcriptional repressors, and which bind heme to enable interaction with co-repressor proteins and to regulate transcription in circadian rhythm pathways (34) . Another example is the CO sensing transcription factor CooA from Rhodospirillum rubrum, a bacterium which uses CO as a carbon source under anaerobic 6 conditions. CooA uses a ligand switching mechanism whereby a cysteine ligand to the heme iron is displaced by a histidine when the heme iron is reduced. In the dimeric CooA structure, the other axial ligand comes from the N-terminal proline of the opposite monomer. This proline is displaced by CO, and the structural change induced enables the exposure of DNA-binding domains in CooA. The transcriptionally competent CooA can then activate the expression of genes required for oxidation of CO to CO 2 and for the reduction of protons to H 2 (34, 35) .
Previous studies on DGCR8 reported that Cys352 is involved in heme binding, although the identity of the axial ligand trans to the cysteine was not identified (26). Barr et al. then reported spectroscopic data consistent with bis-cysteine ligation of the heme iron, and suggested that a single heme was coordinated by Cys352 side chains from both DGCR8 proteins in a dimer. The ferric heme form was later identified as crucial for pri-miRNA processing, with the ferrous heme form being inactive and exhibiting an increased heme dissociation rate from the protein.
In the previous study, the axial coordination state of the frog DGCR8-bound ferrous heme was not clearly established, but it was inferred that cysteine ligation was lost and that the ferrous heme might exist in heterogeneous spin-and coordination-states (36) . In this study, we report a detailed analysis of the heme binding site of DGCR8 using a range of spectroscopic techniques. The results allow us to assign the active ferric heme form of the human DGCR8
protein as the first bis-Cys ligated protein and to provide data supporting the retention of cysteine coordination of the heme iron in the ferrous form of this physiologically important enzyme. DNA was cloned into a plasmid containing a 3' hepatitis delta virus (HDV) ribozyme for the generation of transcripts without heterogeneous 3'-ends (38) . Plasmids were linearized with XbaI, the site for which is downstream of the HDV ribozyme, and in vitro transcription was carried out by the method of Gurevich (39) . Transcripts were dialyzed to remove salt and free nucleotides, re-concentrated by ultrafiltration using a 30,000 MWCO Vivaspin, (Sartorius, Goettingen, Germany) and purified from the HDV ribozyme by electrophoresis on a 12%
acrylamide, 50% urea gel. The relevant RNA band was visualized by RNA shadowing, excised from the gel and then purified by the crush and soak method (40) . glycerol. UV-vis spectra were also recorded for a 70 µM sample, but here using buffer prepared in deuterium oxide (otherwise as above) and following extensive dialysis of the sample into the deuterated buffer. A reduced DGCR8 sample was prepared by adding sodium dithionite to a 185 µM sample of DGCR8 in an anaerobic glovebox environment. After allowing 4 hours incubation at 20°C to ensure extensive reduction of the DGCR8 heme iron, electronic absorption and MCD spectra were collected in the UV-vis region. Minor spectral contributions from residual amounts of ferric DGCR8 (~15%) were accounted for by determining the proportion of ferric DGCR8
(with reference to the oxidized DGCR8 spectrum) and by subtracting this component from the obtained ferrous DGCR8 spectrum.
Electron paramagnetic resonance (EPR) and Electron-nuclear double resonance (ENDOR)
spectroscopic analysis of DGCR8. Spectra were obtained at 10 K and X-band (~ 9.5 GHz) using a Bruker ELEXSYS E500/E580 spectrometer equipped with a Bruker ER 4123SHQE resonator together with an Oxford instruments ESR900 cryostat for EPR measurements, and a Bruker EN (42), inversion-T-π/2-τ-π-τ-acquire with the 9 µs radiofrequency pulse applied during the 10 µs T period. For 14 N spectra the inversion pulse was 600 ns with π = 120 ns and τ = 600 ns. were also acquired with the 441.6 nm line. The RR spectra of all samples were measured using a Spex 1269 spectrometer equipped with a Spec-10 LN liquid nitrogen-cooled detector (Princeton Instruments, NJ). The slit width was 150 µm, and the laser power was adjusted to ∼30 mW at the laser for the ferric and ferrous samples, while a power of ~1 mW was maintained for the CO adducts to minimize photodissociation. All samples were measured in a spinning NMR tube to avoid local heating and protein degradation. The spectra were collected using a 180° backscattering geometry, and the laser power was focused on the sample with a line image using a cylindrical lens. Spectra were calibrated with data acquired for fenchone and processed with Grams/32 AI software (Galactic Industries, Salem, NH). Data were collected at 4 (± 2)°C by placing the samples in a homemade quartz Dewar flask filled with cold water and monitoring during the measurements using a thermocouple.
RESULTS AND DISCUSSION

Expression and purification of human DGCR8
The ∆276 form of DGCR8 (26) was purified to homogeneity as described in Experimental
Procedures. Some nucleotide contamination (as evidenced by an absorbance feature at 260 nm)
was seen in the protein eluted from the nickel affinity column at a high (500 mM) imidazole concentration, but this spectral feature was not observed for the portion of DGCR8 protein eluted in 100 mM imidazole. Protein was further purified by heparin affinity and Sepharose S200 gel filtration chromatography steps.
UV-vis spectroscopic analysis of DGCR8
In its oxidized (ferric) state, the purified DGCR8 hemoprotein has a hyperporphyrin UV-vis absorption spectrum similar to that described previously (26) , with the main Soret peak at 450 nm and the second feature at 367 nm. In the visible region, the ferric heme exhibits a broad absorption feature with a peak at ~557 nm and a shoulder at ~586 nm ( Figure 1A) . In previous studies on the cysteine thiolate-coordinated camphor hydroxylase P450cam by Sono et al., the P450 was titrated with the sulfur donor ligand p-chlorothiophenol, generating a ferric bis-Cys showed that titration with dithiothreitol produced a mixture of bis-thiolate (the main species, with maxima at ~374 nm/453 nm) and thiol-thiolate (423 nm) 6-coordinated forms. Similar binding studies using β-mercaptoethanol show predominantly the thiol-thiolate form of XplA at pH 6 (at ~420 nm). However, in more basic conditions (pH 8), the hyperporphyrin, bis-thiolate spectrum dominates with maxima at ~372 nm/453 nm) (45) . Comparison of the UV-vis spectrum of ferric DGCR8 with these data suggests that heme coordination in DGCR8 occurs with cysteines in their thiolate form providing both the proximal and distal ligands, in agreement with published data (46) . A DGCR8 absorption coefficient of ε 450 = 70 mM -1 cm -1 was calculated for its most intense heme absorbance band using the pyridine hemochromagen method (41 
DGCR8 heme ligation in the ferrous state
Reduction of the ferric DGCR8 heme iron to the ferrous state (using the strong reductant sodium dithionite, E° ~ -420 mV vs. the normal hydrogen electrode, NHE) progressed slowly to completion at 20°C; although the rate of heme reduction was enhanced on the addition of the electron transfer mediators benzyl viologen (BV) and methyl viologen (MV), suggesting that access of reductant to the protein-bound heme may be restricted. In an anaerobic environment in the presence of BV and MV and with excess dithionite, the complete reduction of the ferric DGCR8 heme iron occurs at 20°C over a period of approximately 10 minutes. In the reduced (ferrous) form, DGCR8 exhibits a Soret maximum at 427 nm with absorbance bands in the visible region at 531 and 559 nm. There is also an increase in the absorption coefficient for the ferrous Soret band from ε 450 = 70 mM -1 cm -1 for the oxidized protein to ε 427 = 112 mM -1 cm -1 in the reduced state ( Figure 1A ). Dawson's group made spectroscopic investigations of heme axial coordination using a mutated myoglobin with no axial heme coordination from the polypeptide.
Using either cyclopentanethiol, to mimic bis-cysteine coordination (48), or imidazole to mimic histidine coordination (49) they determined the spectroscopic properties of these complexes. In both cases, the addition of the neutral ligand yields a UV-vis spectrum with properties similar to that of the ferrous ∆276 DGCR8 protein, suggesting that, in the ferrous state, DGCR8 is coordinated by neutral axial ligand or ligands, prospectively through CysH/CysH coordination. 
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In the ferrous state, the DGCR8 heme iron binds CO, producing a UV-vis spectrum with a Soret maximum of substantially increased intensity at 422 nm (ε 422 = 168 mM -1 cm -1 ) ( Figure   1A ). Once reduced to the ferrous state, binding of CO occurs rapidly, forming a complex which remains stable for several hours in either an aerobic or anaerobic environment. In cytochrome P450 enzymes (P450s), the binding of CO to the ferrous heme iron gives a characteristic Soret band spectral shift to ~450 nm that results from cysteine thiolate coordination trans to the CO.
However, in various P450s the ferrous-CO complex can have a Soret feature at around 420 nm (the P420 state), which is generally considered to be the species arising from protonation of the proximal thiolate ligand to the thiol form (48) . In favor of this conclusion are data such as the reversible titration of P450 to P420 in the pH range from ~5-9 for the Mycobacterium tuberculosis CYP121A1 enzyme, and the rapid conversion of P450 to P420 in the M.
tuberculosis sterol demethylase CYP51B1, due to instability of the proximal thiolate to protonation in the ferrous form of the enzyme (50-52). However, heme-binding proteins with an axial histidine ligand to their heme iron also have a similar spectrum in their ferrous-CO bound states (e.g. the hemoglobin Fe II -CO complex has a Soret maximum at 420 nm). Indeed, it has been proposed that in the P450s the cytochrome P420 form may result from a proximal ligand switch from cysteine thiolate to a neutral histidine coordinated state (53) . The absence of a Soret band at 450 nm thus strongly suggests that in its ferrous, CO-bound state the DGCR8 heme iron is not coordinated to the protein by a thiolate ligand, but instead via a neutral thiol or a histidine.
With reference to the aforementioned studies on P450 enzymes, the DGCR8 ferrous-CO complex is most likely to have a cysteine thiol ligand trans to the CO. As described below, the results from RR studies are also consistent with this conclusion. 
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The binding of nitric oxide (NO) was also investigated for both the ferrous and ferric forms of DGCR8 under anaerobic conditions. In ferric DGCR8 no evidence of binding was seen, consistent with DGCR8 being hexacoordinate in this oxidation state (four equatorial ligands from heme pyrrole nitrogens and two axial ligands from DGCR8 amino acid side chains) and with NO being unable to displace either axial ligand. In the ferrous heme iron state, the binding of NO was investigated by stopped-flow UV-vis spectroscopy at 4 °C. One syringe contained NO-saturated buffer (~1.9 mM) while the other contained ferrous DGCR8. As with ferric DGCR8, no evidence was seen for a NO-bound form, but instead the collapse of the DGCR8 ferrous species to the ferric state was observed as a shift in the Soret maximum from 427 nm to 450 nm, with an isosbestic point (442 nm) between the two forms. These data suggest that a short lived ferrous-NO species is formed transiently, but that it is unstable and rapidly decays to form the ferric DGCR8 state in ~5 seconds. The binding of dioxygen (O 2 ) to the ferrous ∆276 DGCR8 was also explored in the same manner as done for NO binding. In this case, the formation of an oxy-complex was observed, with a Soret maximum at 423 nm. However, this species was also unstable, and converted rapidly back to the ferric resting state, likely by dissociation of superoxide from the heme iron ( Figure 1B) .
In other studies, the UV-vis spectrum of the ferric form of DGCR8 was examined as a function of temperature in the range between 20°C and -80°C. However, no significant spectral shifts were observed for the ferric form. Similarly, the addition of freshly synthesized microRNA (10 µM pri-miRNA added to 1.3 µM DGCR8) did not induce any perturbation to either the DGCR8 ferric or ferrous heme spectrum. This suggests that while the HBD (along with the dsRNA binding domains) is predicted to be crucial for productive interactions with the primiRNAs, the substrate binding mode is not one that perturbs the heme ligation environment (32) . 
EPR and Electron-Nuclear Double Resonance (ENDOR) spectroscopy of DGCR8
Human DGCR8 in the ferric state gave rise to a rhombic EPR spectrum (Figure 2A frequency and exhibit distinct differences in intensity. These lines arise from hyperfine coupling to 14 N nuclei (58) and are thus also subject to the effects of the 14 N quadrupolar interaction with the frequencies of the lines, ν ± , being described by: 
Here, ν N is the 14 Taken together, these ENDOR data exclude water and histidine as ligands to the heme iron due to the lack of a large hyperfine coupling to an exchangeable proton (or protons) and any 14 N hyperfine coupling beyond that to the pyrrole nitrogens. The 0.95 MHz quadrupole splitting suggests a neutral proximal ligand, such as a thiol (although ENDOR cannot distinguish between sulfur and oxygen without isotope labelling), However, the lack of a hyperfine coupling to an exchangeable proton large enough be attributed to the -SH group proton argues against this and suggests a thiolate distal axial ligand. The observation of a single 14 N hyperfine coupling indicates an unusually high symmetry along the normal to the heme plane and therefore supports Resonance Raman spectroscopy of DGCR8.
(i) Ferric DGCR8. The high frequency region of the ferric DGCR8 sample is presented in Figure 3A . The region includes the oxidation state and spin-state markers. The high frequency spectrum of the DGCR8 sample exhibits the oxidation state marker mode, ν 4 , at 1375 cm -1 and the ν 3 spin-state marker at 1506 cm -1 , confirming the presence of a ferric 6-coordinate low-spin state, in agreement with results from other methods used in this study. While there are some small differences (3-6 cm -1 ) in frequencies between our results and those reported in the earlier published data from Barr et al. (36) , they can be attributed to the one-point spectral calibration method used in the published work compared to the multipoint calibration used in the present studies. Slight differences in relative intensities of bands between the two studies are attributable to the fact that two different excitation lines were used (441.6 in this study, 457.9 nm in the previous study). In the previous study, a weak 1471 cm -1 band was taken as evidence for a 5-coordinate high-spin component. In our study, a band is also observed near this frequency (1465 cm -1 , Figure 3A) but is assigned to an internal mode of glycerol, whose concentration is 10%
(volume/volume) in our sample. The DGCR8 samples analyzed by Barr et al. also contained 10% glycerol (36) . In order to verify the assignment of this 1465 cm -1 feature to glycerol, further experiments were conducted on a DGCR8 sample containing no glycerol. The inset in Figure   3A shows spectra of the ferric DGCR8 sample containing 10% glycerol buffer (a), a sample in the same buffer without glycerol (b), and their difference spectrum (c). In the difference Figure S1A of the Supporting Information.
(ii) Ferrous DGCR8. In the ferrous state, the high-frequency region ( Figure 3B) exhibited the oxidation state marker band (ν 4 ) at 1362 cm -1 and the spin-state marker band (ν 3 ) at 1495 cm -1 , indicating a low-spin 6-coordinated ferrous heme protein. Again, the weak broad glycerol band near 1465 cm -1 was observed. In the previous study, a 1470 cm -1 band was observed and assigned to the ν 3 mode of a 5-coordinate HS component, again prompting the conclusion of a mixture of 5-and 6-coordinate forms of the ferrous DGCR8, as was also reported in that work for DGCR8 in the ferric state (36) . While that 1470 cm -1 feature is reasonably close to the expected glycerol band, the frequency observed is slightly higher than expected.
Considering it not to be a miscalibrated glycerol band, the authors assigned it to the ν 3 mode of a HS component, also assigning a feature at 1579 cm -1 to the ν 2 mode of that HS component.
However, this frequency is unusually high for a HS component. Assuming that the 1470 cm 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 However, a trans-thiol ligand might also be possible. In favor of the assignment of bis-thiolate coordination in ferric DGCR8, the UV-vis MCD spectrum of DGCR8 contains an unusual negative band at 597 nm, in addition to the derivative features at 451 and 556 nm typical of ferric heme. A highly similar UV-vis MCD spectrum is seen for the cysteine thiolate-coordinated, ferric heme iron form of the Caldariomyces fumago chloroperoxidase (CPO) in complex with methanethiol (72) . UV-vis absorbance analysis of the CPO/methanethiol complex shows a clear hyperporphyrin spectrum, consistent with bis-thiolate heme ligation (72) . Thus, we conclude from these MCD studies that the heme of DGCR8 is indeed ligated by two cysteine residues in the ferric state, with both these residues in their thiolate form.
In contrast to the readily observed NIR MCD bands of low-spin ferric hemes, the corresponding LMCT transitions for ferrous hemes are symmetry forbidden, precluding ligand assignment for reduced hemes on this basis. However, the form of the UV-vis MCD in the reduced state can be used to confirm ligation by cysteinate, as this gives an abnormally low intensity α,β band with peak-to-trough intensity of ~70 M -1 cm -1 T -1 (73) . UV-vis MCD spectra were collected for reduced DGCR8 ( Figure 4C ). Sodium dithionite reductant was added to the sample under anaerobic conditions and UV-vis absorbance and MCD spectra were collected after 4 hours at 20°C. Following data collection, it became apparent that a small proportion of the enzyme had reoxidized (~15%). To account for the partial reoxidation, the spectra were corrected by removal of the small spectral contribution from the ferric enzyme (with reference to the UVvis absorption and MCD spectra of the ferric DGCR8) to produce the ferrous DGCR8 spectra without significant contribution from the ferric species. The calculated UV-vis MCD spectrum of reduced DGCR8 ( Figure 4C ) has a much greater intensity in this region, approximately 350 M 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 24 nm, in contrast with the 550 and 416 nm bands, respectively, observed for SoxAX, an enzyme that couples disulfide bond formation to cytochrome c reduction in a widespread microbial sulfur oxidation pathway and which has the more common Cys 
CONCLUSIONS
DGCR8 is an unusual hemoprotein with distinctive spectroscopic features to other heme bbinding proteins. Binding of heme to the DGCR8 dimer stabilizes the protein and the DGCR8 dimer forms a complex with the RNase Drosha that is crucial for pri-miRNA processing (46, 74, 75) . Our combined spectroscopic studies identify axial coordination of DGCR8 by two sulfurcontaining amino acids in both its ferric and ferrous states. Data are consistent with Cys 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 25
The rhombic EPR spectrum of low-spin ferric DGCR8 indicates a single dominant axial ligation mode (Figure 2A ). Cys352 was proposed as an axial ligand to the heme iron, and modelling suggests that Cys352 thiolates from two monomers of the HBD act as axial ligands to a hexacoordinated DGCR8 heme iron at the dimer interface (36) . Spectroscopic analyses presented in this paper are consistent with bis-Cys coordination of DGCR8 heme iron. In particular, our ENDOR data for ferric DGCR8 confirm a highly symmetrical heme coordination environment and rule out water or histidine as axial ligands, instead favoring a Cys -/Cys -axial ligand pair. The ∆276 DGCR8 hemoprotein is reduced by dithionite to produce a species with a Soret band shift to 427 nm, similar to that for the reduced frog DGCR8 HBD form. However, the absorption coefficient reported for the ferrous frog HBD (ε 424 = 55 mM -1 cm -1 ) is much lower than that we report here for ferrous human DGCR8 (36) . The Soret coefficient is ε 450 = 70 mM 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 26 from dithionite and is devoid of any clear Soret feature at ~427 nm (36) . These data are in marked contrast to our UV-vis data for human DGCR8, where well defined ferrous (and Fe II -CO) spectra are observed. We attempted to determine the human DGCR8 redox potential using spectroelectrochemistry, as described previously (52, 77) . Aggregation of DGCR8 occurred over the course of the experiment, preventing accurate estimation of the midpoint potential for the heme Fe III /Fe II couple. However, the data clearly showed that the DGCR8 heme iron potential is lower than -350 mV versus NHE. This suggests that ferric DGCR8 predominates under cellular conditions, consistent with ferric DGCR8 being the active species in pri-miRNA processing (36).
Our UV-vis MCD spectrum for ferric human DGCR8 displays similar features to those for frog DGCR8 HBD, but provides sharper resolution of bands, particularly in the α/β (Q) band and LMCT regions ( Figure 4A ) (46) . This enables identification of an unusual negative band at 597 nm, and its assignment to bis-cysteine thiolate ferric heme iron coordination by comparison to a highly similar spectrum for the methanethiol complex of CPO, and with reference to the near-complete hyperporphyrin UV-vis spectrum for the same complex (72) . We also present the first MCD data for a ferric DGCR8 protein in the NIR region, and for ferrous DGCR8 in the UVvis region. From the ferric NIR data set, the novel Cys -/Cys -assignment is associated with the unusual position of the MCD NIR CT band at 1260 nm. The well-defined ferrous DGCR8 UVvis MCD spectrum has much greater intensity than the ferric DGCR8 spectrum, and resembles that of a bis-thiol coordinated model complex (48) . This observation, along with RR data for 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60 Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Figure 3
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Graphic for results in a 5 nm shift to a Soret maximum of 422 nm with merging of the visible bands (peak at 557 nm, red line). The ferrous-oxy DGCR8 rapidly collapses back to the ferric form, and a shoulder at 450 nm is apparent in the spectrum for the O2-bound form, consistent with a mixture of ferric and ferrous-oxy species.
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